Three-dimensional patient setup errors at different treatment sites measured by the Tomotherapy megavoltage CT
Recent developments in radiation therapy have focused on highly conformal radiation that can target a tumor, while avoiding critical organs to reduce radiation toxicity [1, 2] . Benefits have been reported for head and neck (H&N) and prostate cancers [3, 4, 5, 6, 7] . In the last decade, image-guided radiation therapies (IGRT) have allowed precise conformal radiation therapy for different diseases [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . With such targeted treatments, precision in delivery of the radiation is more critical than ever [20, 21, 22, 23] .
The Tomotherapy unit is an IGRT machine that delivers radiation helically and an onboard megavoltage CT (MVCT) detector supports image guidance [24, 25, 26, 27, 28, 29] . The conformal radiation treatment delivered by the Tomotherapy unit has the potential to enhance the therapeutic ratio (dose to tumor/organs at risk (OARs)). This is achieved by reducing the radiation dose delivered to healthy tissues and OARs [30] . Due to variations in patient positioning and variation in organ shape and volume, the delivered radiation dose may differ from the highly conformal planned dose [26, 29, 31, 32, 33, 34, 35] . In this study, our goal was to measure and compare setup error at different treatment sites and setup variation with time treated with Tomotherapy.
Methods and materials
Using MVCT scans, we reviewed the dayto-day variations in patient positioning during Tomotherapy treatment. Details of MVCT detector characteristics used in the Tomotherapy machine are published elsewhere [28] . In brief, a radiation source with an average energy of 1.36 MeV and xenon gas detector array operated at 5 mm atm pressure are used to generate a MVCT image with a field of view of 40 cm. MVCT acquisition modes of fine, normal, and course can be used to scan an object with slice thicknesses of 2, 4, and 6 mm, respectively.
MVCT scans were performed before each treatment fraction for all patients treated using the Tomotherapy machine. An aquaplast mask was used for H&N immobilization and VacLok (Med-Tec Inc., Orange City, IA, USA) was used for all other extra cranial immobilization (chest, abdomen, legs, prostate, total marrow irradiation (TMI), etc.). This retrospective study was approved by the University of Minnesota Institutional Review Board. We analyzed the pretreatment megavoltage CT images for 259 patients treated from 2005-2008. In total 6,465 MVCT scans were done for patient localization with site-specific scans taken of the pelvis (n = 949), chest (735), H&N (1,567), legs (218), prostate (2,711), spine (143), and TMI (42) . The H&N category includes all head and neck cancers, including brain tumors and nasopharyngeal tumors. The chest category includes lung, sternum, mediastinum, mantle, and esophageal tumors. The pelvis category includes cancer treatment of the pelvis, cervix, and uterus. Prostate cancers, which account for onethird of the data, were placed in a unique category. The legs category includes all cancers of the tissues and bone in the legs. Due to unique challenges in patient localization, the TMI data were placed in a unique category.
Pretreatment MVCT and planning kVCT images were fused using the "bone and soft tissue" fusion registration mode on the Tomotherapy user interface. Fusion between MVCT scan and kVCT images were based on rigid body registration in three translational and one rotational degree of freedom as previously reported by Sara et al. [36] . Bony anatomy and other anatomical structures near the tumor location were matched and verified by the staff physician. The displacement coordinates required to match MVCT with pretreatment (baseline) kVCT images provide setup error along the translational directions (x, y, and z) for each sites. The three-dimensional (3D) average displacement is then calculated from individual displacement in x, y, and z directions using
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Patient-specific systematic error is defined as the mean of 3D setup error for a patient for multiple treatment fractions and random error can be defined as the standard deviation. Global systematic error is defined as the mean of the systematic error distribution of the population treated at the specific site and standard deviation of the global systematic error is calculated from patient-to-patient variation in systematic errors.
For TMI treatments, patients were initially aligned using laser beams at the virtual isocenter matched with tattoos located on the head, chest, and abdomen, and MVCT image scans were performed in the H&N, chest, and abdominal regions to cover all critical organs [37, 38] . Image fusion registration coordinates of the H&N MVCT scans were used for initial patient localization. Following this, chest MVCT scans were used to align the patient. Finally, abdominal MVCT scans were used to align the lower portion of the patient. Rotational coordinates were not used during fusion registration to avoid the complication of averaging rotational uncertainty.
Statistical methods
For each treatment fraction, the patient's displacement in lateral (x), in and out of the tomotherapy gantry (y), and vertical (z) directions were recorded. Global systematic and random errors were calculated as previously explained. Box plots were employed to show the distribution of global systematic error in the x, y, z and R direction in a graphical manner [39] . The lower end of the box delineates the 25 th percentile of the data. The upper end of the box delineates the 75 th percentile of The whiskers extend to a maximum of 1.5 times the interquartile range. The points outside the whiskers are considered outliers. Statistical comparisons of the absolute displacement across site and time (i.e., number of fractions) were performed by using a general linear mixed model. This analysis takes into account the repeated measures within patients and the correlation that exists between these repeated measures versus the correlation across patients which are more independent of each other [40] . Among the models in which a difference was detected, the Tukey-Kramer method identified which pair-wise comparisons resulted in statistically significant differences [41] . A p value ≤ 0.05 was considered significant. All analyses were performed using SAS V9 software (SAS Institute, Cary, NC, USA).
Results
Global systematic error for all treatments sites are presented in the box plots in . Fig. 1 . For each individual treatment region, the median systematic error was highest in the y direction and lowest in the z direction, except for the chest category where displacement in x was greater than displacement in z. Details of global systematic and random variations in the x, y, and z direction for individual treatment sites are tabulated (. Tab. 1). The global systematic errors were measured to be less than 3 mm in each direction with increasing order of errors for different sites: H&N, prostate, chest, pelvis, spine, legs, and TMI. Random component of all the sites were higher ranging from 2-6.33 mm except for TMI.
The differences in displacements between treatment sites in the lateral (x), craniocaudal (y), and vertical (z) direction were significant (p < 0.01) as shown in . Tab. 2. Rotational set-up error was not significant. In the lateral direction (x), the average displacements for the H&N category were significantly less than for chest, abdomen, prostate, and leg categories. Average displacements in the prostate were significantly less than for leg sites. Average displacements in the chest, abdomen, prostate, and leg were not significantly We report a systematic study of setup error to assess patients' three-dimensional (3D) localization at various treatment sites. Patients and methods. Tomotherapy megavoltage CT (MVCT) images were scanned daily in 259 patients from 2005-2008. We analyzed 6,465 MVCT images to measure setup error for head and neck (H&N), chest/thorax, abdomen, prostate, legs, and total marrow irradiation (TMI). Statistical comparisons of the absolute displacements across sites and time were performed in rotation (R), lateral (x), craniocaudal (y), and vertical (z) directions. Results. The global systematic errors were measured to be less than 3 mm in each direction with increasing order of errors for different sites: H&N, prostate, chest, pelvis, spine, legs, and TMI. The differences in displacements in the x, y, and z directions, and 3D average displacement between treatment sites were significant (p < 0.01). Overall improvement in patient localization with time (after 3-4 treatment fractions) was observed. Large displacement (> 5 mm) was observed in the 75 th percentile of the patient groups for chest, pelvis, legs, and spine in the x and y direction in the second week of the treatment. different from each other. In the craniocaudal (y), direction the H&N average displacements were significantly less than those for chest and abdomen, but were not significant compared to prostate and leg. Average displacements of the prostate were significantly less than in chest and leg sites. In the vertical direction (z), average displacements for H&N were significantly less than for chest, abdomen, prostate, and leg. Overall, the average H&N displacement was significantly less than for any other site, and prostate displacement was significantly less than chest, abdomen, and leg. Rotation did not significantly differ between any two groups.
Conclusion. MVCT imaging is
essential for determining 3D setup error and to reduce uncertainty in localization at all anatomical locations. Setup error evaluation should be performed daily for all treatment regions, preferably for all treatment fractions.
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Variations in displacement for each treatment site on different days are shown in . Fig. 2 . Initial displacements in the z direction were higher in the first 3 days for almost all sites. This interfraction error improved after 3 days and remained stable afterwards. There was a significant improvement in the reduction of set-up error in the z direction over time (p < 0.01), with a reduction in error of 0.3 mm per measurement episode. Overall displacements in the x (p = 0.34) and y (p ≠ 0.43) directions did not improve over time.
Discussion
There were large differences in patient setup uncertainty among treatment sites as shown in . Fig. 1 and . Tab. 1. The variation in daily patient localization comes from subtle changes in three-dimensional patient localization within the Tomotherapy unit, as well as from volumetric and/ or shape changes in the organ containing tumor and organs-at-risk. Reduced uncertainty in the H&N region is possibly due to use of a head mask. Large set up errors were observed in all TMI patients. In TMI treatments, patient localization is complicated due to a combination of factors, e.g., large field area, adjustment from multiple imaging of multiple areas, and the use of coarse imaging modalities for extra-cranial localization [42, 43] . Clearly, TMI patient localization will require further development to reduce uncertainty.
Overall setup error was highest in the z direction and lowest in the x direction. Variation in image scan mode can influence changes in y displacement. The majority of our patients were scanned in the normal mode of MVCT imaging. Our data demonstrate greater variation in the vertical (z) direction as has been reported for brain, H&N, prostate, and lungs [44] . In our study, we included the additional treatment areas of legs, pelvis, and TMI. We did not find any differences in set-up error between the two centers for H&N, prostate, or chest.
To investigate statistical differences in interfraction displacement between any two treatment regions, pair-wise comparisons were made. Among treatment regions, H&N differed significantly in all three directions and had the smallest overall localization uncertainty of any group. Prostate localization showed the next smallest displacement overall. Rotation did not significantly differ between any two groups.
Previous studies of interfraction treatment focused mostly on evaluating set-up error in individual treatment groups. Our large imaging database allowed us to perform a comparative study among various treatment sites and alignments with statistical significance. A comparative knowledge of setup variations at different sites will help develop strategies to reduce motion at different sites. It will provide F identification of sites/regions that require more attention to reduce motion to achieve comparable dose delivery as with those sites with better localization and F guidance to develop new treatments such as total marrow irradiation where the entire skeleton is being treated with highly targeted radiation [37, 38, 43] .
Improvement in patient localization with time (after 3-4 treatment fractions) is an interesting phenomenon. We applied correction every day starting from the first treatment fractions and continued the same strategy for the entire treatment peTab. 1 Global systematic error of x, y, z, 3D average, and R dimension riod. Significant improvements in the z direction after 4-5 fractions (first week) are observed for almost all treatment sites. This interesting phenomenon did not translate to the two other coordinates. Various other patterns of displacement were observed in x and y directions. In the lateral (x) direction, daily setup error was stable over days in H&N, abdomen, and prostate. On the other hand, the thoracic area and legs showed large variations in setup error on different days without any patterns. In the y direction, all treatment regions except legs had stable patterns of displacement. Broggy et al. [45] recently showed reduced systematic error for prostate treatment for various correction strategies. Correction applied only during first fraction may not be sufficient for overall treatment [46] . For short treatment schedules (hypofractionation), correction during each fraction may also be important. Globally, there is no further improvement observed after the first week. It has been suggested that 3D imaging scans be used over the first few days [44] . Should this be the guiding rule for clinical practice, i.e., to use 3D images for patient localization only during the first week? We are concerned about this approach when individual accuracy becomes important. A time course analysis of displacements (. Fig. 2) shows that there are large displacements (> 5 mm) in the 75 th percentile of patients in the chest, pelvis, legs, and spine groups in the x and y directions, even for all treatment fraction in the second week of treatment. This may have important consequences for individual treatment delivery. It could be dangerous to couple target margin reduction techniques such as those seen in imageguided conformal radiotherapy (based on our knowledge of setup error in the population), if image-guided alignment is not used past the first week. The risk of relapse from underdosing may be high compared to benefit of reduced toxicity.
There are certain limitations to this study. Fusion registrations between MVCT and kVCT images were based on rigid body registration [36] . In the future, nonrigid fusion registration may be required to increase the accuracy of estimated setup error. Deformation is a more complex problem; adequate understanding of global and regional deformation of MVCT images and appropriate software development are required to account for deformation. Soft tissue image resolution with MVCT is poor compared to kVCT images. Enhancing MVCT resolution may help improve the accuracy of this technique and visual verification of anatomical co-registration.
These results emphasize important features of image-guided radiotherapy (IGRT): F daily patient localization using 3D image guidance is essential to reduce uncertainty in localization, F setup error evaluation should be performed daily for all treatment regions, preferably for all treatment fractions, and F systematic monitoring of setup error should be integrated into quality assurance practices for targeted therapies.
If such practices are implemented, scientific decisions can be made as to whether consecutive follow-up imaging is required. Without proper and systematic assessment of limits of IGRT modalities, the precision of targeted therapy is questionable. The use of larger daily or total doses is also becoming more common and demands exquisite attention to detail and precision in the planning and delivery of radiation.
Conclusion
The present study emphasizes the importance of daily three dimensional imaging in all conformal and IGRT radiation therapy. Daily MVCT imaging in Tomotherapy and by extension in all IMRT IGRT treatments is essential to compare and assess the accuracy of treatment delivery to different anatomical locations. This study also emphasizes the importance of monitoring setup error for all treatment fractions. 
